Abstract-Cyclic loading tests for four hybrid coupled shear walls with various reinforcement details were performed. The primary variables were reinforcement details of the coupled shear walls. As a result, structural performances of the coupled shear walls were dependent on the reinforcement details. The vertical reinforcements have influence on the shear strength of the shear walls. The required vertical reinforcement ratio in an embedded length was also proposed by using the shear strength models of proposed PC coupled shear walls. Design method of the precast concrete (PC) coupled shear wall was proposed by assuming the distribution of compressive stress acting on the flange of the embedded steel beam in the shear walls.
I. INTRODUCTION
OUPLING beams are responsible for the energy dissipation capacity for the lateral force acting on the structure, and have to be designed to exhibit a proper strength, rigidity and deformability. According to Paulay's researches [1] , when shear stress is ' 0.5 c f MPa or more, diagonal reinforcements should be installed at reinforced concrete (RC) coupling beams. However, there is a difficulty to install the diagonal reinforcements to the RC coupling beams. For these reasons, hybrid steel coupling beams have been proposed to improve the constructability and to replace the conventional reinforced concrete coupling beam by many researchers [2] - [8] .
The experimental researches for hybrid steel coupling beams were performed by Harries et al. [2] , [3] , Marcakis et al. [4] , Mattock et al. [5] , Shahrooz et al. [6] , and Kent et al. [7] . According to previous researches, it is required to inhibit the premature failure of the coupled shear walls by special reinforcement details. Existing design codes, especially ACI 318-11 [8] , have provided reinforcement details for the special structural walls and coupling beam at Section 21.9 in Chapter 21. However, specific design method of hybrid steel coupling beam have not provided in those codes. Englekirk [9] has suggested that the coupled shear walls should be reinforced by additional reinforcements in around the embedded steel beam.
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Structural performances such as strength, stiffness, and energy dissipation capacity of the hybrid steel coupling beam are greater than those of the RC coupling beams. Despite these many advantages, it is difficult to apply the steel coupling beam to conventional RC shear walls owing to the weak constructability. If the coupled shear walls produced in factories, the PC coupled shear walls are likely to be damaged in the transport processes. Existing hybrid steel coupling beam systems have a problem with using in the coupled PC shear walls owing to the constructability. Thus, it is necessary to improve the new hybrid steel coupling beam systems and also to provide the special design method for the PC coupled shear walls. In this study, Design method for coupled PC shear walls was proposed based on the experimental studies.
II. TEST PROGRAM

A. Test specimens
Cyclic loading tests for the four coupled PC shear walls with steel coupling beam were performed to evaluate the shear strength and energy dissipation capacity. The main parameters of the test were reinforcement details of the PC shear walls. Figure 1 shows the reinforcement details of the test specimens. The coupled PC shear walls had a dimension of 300 × 1500 × 1800 mm (11.8 × 59.1 × 70.9 in.). Four D19 (d b = 19 mm or 0.75 in.) horizontal and vertical reinforcements were installed to inhibit the concrete failure during the test at the specimen's boundary. Here, d b is diameter of bars. SD400 (Korean Standard, f y = 400 MPa or 58 ksi) reinforcements were used in each specimen. Design compressive strength of concrete f c ' is 35 MPa (5.1 ksi). P600ANC is a prototype test specimen designed by according to ACI 318 design codes [8] . (see Fig. 1(a) ) Ten D13 (d b = 13 mm or 0.5 in.) and four D19 reinforcements for horizontal reinforcement and ten D13 for vertical reinforcements were provided in this specimen. Horizontal and vertical reinforcement ratios were ρ h = 0.005 and ρ v = 0.0054, respectively. H600ANC is the specimen that reinforced the length as much as the embedded length by horizontal closed hoops. The length of those bars is consistent with the length of embedded steel beam. Details of the reinforcements of this specimen are very similar to prototype test specimen P600ANC as shown in Fig. 1(b) . Since eight D16 (d b = 16 mm or 0.62 in.) horizontal reinforcements were provided, the horizontal reinforcement ratio of this specimen is ρ h = 0.0064. Sh600ANC is the test specimen reinforced by the vertical reinforcements to the entire length of the wall as shown in Fig. 1(c) . Forty D13 ties with 600 mm (23.6 in.) of length were provided at each 60 mm (2.4 in.) of spacing. Horizontal and vertical reinforcement ratios are ρ h = 0.005 and ρ v = 0.0054, respectively. SP600ANC is the proposed test specimen, which was reinforced by three D16 closed ties in the embedded length at each 200 mm (7.9 in.) of spacing, two D22 (d b = 22 mm or 0.9 in.) and D19 horizontal reinforcements, and four D22 diagonal reinforcements as described in Fig. 1(d) . Length of the closed ties which are installed in embedment length is 620 mm (24.4 in.). Horizontal and vertical reinforcement ratios are ρ h = 0.01 and ρ v = 0.0098, respectively. The length of the embedded beam (l e ) was 600 mm (23.6 in.), which was obtained from the existing shear strength models as shown in Table 1 Figure 2 (a) shows test set-up. Test specimens were loaded at the distance of 720 mm (28.3 in.) from the surface of the PC shear wall until the ultimate failure by displacement control. Figure 2(b) shows the loading schedule. Rotation angle was incremented by 0.25 % from 0.25 % (1.5 mm or 0.06 in.) up to 2.0 % (12.0 mm or 0.47 in.) and after that was increased by 0.5 % from 2.0 % (12.0 mm or 0.47 in.) up to ultimate failure. LVDTs were used to measure lateral and vertical displacement of the test specimens. Numbers 1 for horizontal displacement measurements at the top of the steel coupling beam (LV1), and Number 2 and 3 for vertical displacement of the coupling beam (LV2 and LV3), and Number 4 and 5 for vertical displacement of the embedded steel beam (LV4 and LV5), and Number 6 and 7 for shear distortion of the PC shear wall (LV6 and LV7), and Number 8 and 9 for lateral displacement at lower part of the steel coupling beam and top -seat angles (LV8 and LV9), and Number 10 for slip of the coupled PC shear walls (LV10), respectively. Figure 3 shows the load -rotation angle relationship of the test specimens subjected to cyclic loading. The rotation angle is the lateral displacement divided by the effective distance (720 mm) of the steel coupling beam. The terms of V p represent the plastic shear strength of the steel coupling beam for positive and negative loading, respectively. The yield strength V y and displacement δ y were defined as the point when the strain of the steel coupling beam has reached the yield strain. The displacement at the maximum strength represented by δ max and ultimate displacement δ u are also presented in Fig. 3 .
B. Test set-up
A. Load-rotation angle relationship
The ratio of the maximum strength to the plastic shear strength (V max /V p ) showed that P600ANC: 0.98, H600ANC: 1.19, Sh600ANC: 1.18, and SP600ANC: 1.18. The strength of the prototype test specimen P600ANC did not reach the plastic strength. On the other hand, the maximum strength of the other specimens were exceeded the plastic shear strength. B. Failure mode Figure 4 shows the damage and crack patterns of the test specimens at the end of the test. The initial crack of all test specimen has occurred at around the embedded steel beam in the coupled shear walls due to increasing the bearing stress of concrete.
For P600ANC, initial cracks has occurred at 1.0% of rotation angle. The vertical and horizontal cracks has occurred at the embedded steel beam as well as the connection between concrete and top -seat angles. Diagonal cracks have initially occurred at the end of the embedded steel beams and propagated to the foundation. Initial crack of H600ANC specimen was observed at 1.75% of rotation angle and diagonal crack has initiated at 3.0 % of rotation angle. Initial crack and diagonal cracks of Sh600ANC have occurred at 3.0 % and 3.5 % of rotation angle, respectively. SP600ANC showed that initial crack has occurred at -1.75% of rotation angle and diagonal cracks has observed at 3.0 %. Shear yielding of the steel coupling beam occurred at 5.5 %. Diagonal cracks developed up to 4.0 % and at -4.5 %, horizontal cracks was observed at the center of the initial crack occurred.
As a result, P600ANC specimen designed as special concrete structural walls by using ACI 318 codes showed that initial and diagonal cracks has occurred in 1.75 % of rotation angle. Sh600ANC specimen reinforced horizontal hoops at embedded region was effective to prevent the crack propagation. For SP600ANC and H600ANC, initial and diagonal cracks was observed in the same time. The steel coupling beam of H600ANC has yielded at 6.0% of rotation angle and that of SP600ANC has yielded at 5.5%. Figures 5 and 6 show the strain variation of the vertical and horizontal reinforcements for the rotation angle. The strain of the vertical reinforcement was measured by using strain gauges attached at 40 mm, 240 mm, 440 mm, and 660 mm of distance from the end of the PC shear wall. (V2, V6, V10, V14) The strain of the horizontal reinforcement was measured at the end of the vertical wall reinforcement, which is located in the center of the embedded steel beams by a strain gauge H8.
C. Strain of the vertical and horizontal reinforcements
The strain of the vertical reinforcement showed a tendency to increase more rapidly as vertical reinforcements are closer to the face of the PC shear wall. The outermost vertical reinforcement of the test specimens except SP600ANC has yielded at 4 % of rotation angle. However, three vertical reinforcements measured vertical strain remained elastic state until the end of the experiment. On the other hand, all reinforcements of SP600ANC did not yield until the end of the tests. A results of the comparison of the strain of the vertical reinforcement, the vertical reinforcements within 250 mm from the interface are likely to yield before they reach the maximum strength. However, if the vertical stirrups were installed around the embedded steel beam, it is possible to prevent the premature yielding of the vertical reinforcement until reaching the ultimate strength. Strain of the horizontal reinforcement in most of specimens except prototype specimen P600ANC did not reach yield strain. As a result of comparing the strain of the horizontal reinforcements, if the additional reinforcements were not installed around the embedded steel beams, test results showed that the premature yielding of the horizontal reinforcements has occurred. The bearing failure of concrete is likely to occur owing to the yielding of the horizontal reinforcement when the design method of existing model codes is applied to the design of the coupled shear walls. Therefore, the additional reinforcement should be installed at the embedded region in the coupled shear wall. In addition, it is necessary to revise the existing shear wall design equation for the special concrete structural walls. Figure 7 shows the strain variations of the steel coupling beam. The strain of the steel coupling beam of the P600ANC did not reach the yield strain until the end of the tests. On the other hand, the steel coupling beam of the H600ANC, Sh600ANC, and SP600ANC yielded at rotation angle of y   = 6.2 %, 6.5 %, and 5.3 % for positive loading and at y   = -5.9 %, -6.0 %, and -4.7 % for negative loading, respectively. The reason why the steel coupling beam of P600ANC, which is designed in accordance with ACI 318 design codes, did not yield is that the bearing failure of the shear walls occurred at about 4 % of the rotation angle before the strain of the steel coupling beam has reached the yield strain. On the other hand, the steel coupling beams of the other test specimens reinforced by additional vertical and horizontal reinforcements, especially SP600ANC showed the plastic behavior after the maximum strength. Figure 8 shows the energy dissipation capacity in accordance with the rotation angles. Figure 9 (a) represents the energy dissipation capacities per specific rotation angle and Fig. 9(b) shows the cumulative energy dissipation capacities. Energy dissipation capacity was defined as the area of the loadrotation curves per rotation angle and that was obtained in the third cycle of the target displacement.
D. Strain of the steel coupling beam
E. Energy dissipation capacity
The energy dissipation capacity of the proposed test specimen SP600ANC showed the maximum value and appeared the lowest value in P600ANC designed by ACI 318-08. As a result, the energy dissipation capacity of the test specimens reinforced by the horizontal or vertical reinforcements was greater than the others as described in strain variation of the reinforcements. In other words, energy dissipation capacity of the PC coupled shear walls depends on the reinforcement details. In this study, cyclic loading tests for the hybrid PC coupled shear walls with various reinforcement details were performed in order to evaluate the structural performance. The results obtained from the experimental study is as follows. 1) The structural performance of the hybrid steel coupling beam showed the different depending on the reinforcement details of the PC coupled shear walls. As a result of the tests, bearing failure has occurred early at the face of the PC coupled shear walls designed as special structural walls and coupling beams by ACI 318 design provisions. Test results showed that premature failure of the PC coupled shear walls has been prevented by the stirrups reinforced in embedded length. 2) As a result of the measurements of the strain variation of the reinforcement, it has been shown that the vertical reinforcements of the coupled shear walls have more influenced on the ultimate failure than the horizontal reinforcements. Although the coupled shear walls were designed in accordance with ACI design codes, the strain of the vertical reinforcements in 250 mm from the wall face has reached the yield strain at about 4 percent of rotation angle. It is necessary to improve the design method of the special structural walls and coupling beams presented to the ACI codes. The vertical reinforcements should be installed additionally in the region of embedded length.
3) Test results showed that energy dissipation capacity depends on the details of the reinforcement details of the PC coupled shear walls. Energy dissipation capacities of the proposed test specimen reinforced by the stirrups around the embedded steel beam (SP600ANC) were greater than those of the test specimen designed in accordance with ACI codes (P600ANC). 4) Design method of the PC coupled shear walls was proposed by assuming the distribution of compressive stress in the steel flanges of the embedded steel beam. According to the proposed design method, it is reasonable that the amount of the vertical reinforcements as much as 4% of reinforcement ratio was installed in the region of the embedded length.
